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ABSTRACT
Attempts for bioremediation of toxic organohalogens resulted in the identification of organohalide-respiring bacteria
harbouring reductive dehalogenases (RDases) enzymes. RDases consist of the catalytic subunit (RdhA, encoded by rdhA)
that does not have membrane-integral domains, and a small putative membrane anchor (RdhB, encoded by rdhB) that
(presumably) locates the A subunit to the outside of the cytoplasmic membrane. Recent genomic studies identified a
putative rdh gene in an uncultured deltaproteobacterial genome that was not accompanied by an rdhB gene, but contained
transmembrane helixes in N-terminus. Therefore, rather than having a separate membrane anchor protein, this putative
RDase is likely a hybrid of RdhA and RdhB, and directly connected to the membrane with transmembrane helixes. However,
functionality of the hybrid putative RDase remains unknown. Further analysis showed that the hybrid putative rdh genes
are present in the genomes of pure cultures and uncultured members of Bacteriodetes and Deltaproteobacteria, but also in
the genomes of the candidate divisions. The encoded hybrid putative RDases have cytoplasmic or exoplasmic C-terminus
localization, and cluster phylogenetically separately from the existing RDase groups. With increasing availability of
(meta)genomes, more diverse and likely novel rdh genes are expected, but questions regarding their functionality and
ecological roles remain open.
Keywords: reductive dehalogenase; organohalide respiration; transmembrane helix
INTRODUCTION
With the advent of the Industrial Revolution, human impacts
on the environment increased dramatically. Hazardous
halogenated organic compounds, organohalogens, were
widely distributed in the natural environment through careless
use and indiscriminate disposal, and caused major public
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concerns due to possible effects on human and environmen-
tal health (Ha¨ggblom 1992). In attempts for organohalogen
bioremediation, a hallmark discovery was the identification of
microbes that could use organohalogens as electron acceptors
and reductively dehalogenate them (Suflita et al. 1982). This new
metabolism, later termed organohalide respiration (OHR), has
found great practical application in bioremediation. Accord-
ingly, bioaugmentation with microbial consortia containing
organohalide-respiring bacteria (OHRB) has become a show-
case of successful engineered remediation of contaminated
environments (Ellis et al. 2000; Stroo, Leeson and Ward 2012).
Over the past three decades, a wealth of knowledge has
been obtained about the ecophysiology, biochemistry and envi-
ronmental distribution of OHRB (Ha¨ggblom and Bossert 2003;
Adrian and Lo¨ffler 2016). Using biochemical, PCR-based and
(meta)genomic analysis, reductive dehalogenases (RDases) have
been identified as the key enzymes of OHR (Lu et al. 2015; Hug
2016). The RDase-encoding genes (rdh) have a conserved operon
structure that consists of rdhA, coding for the catalytic sub-
unit (RdhA); rdhB, coding for a small putative membrane anchor
(RdhB) that (presumably) locates the A subunit to the outside
of the cytoplasmic membrane; and a variable set of accessory
genes (e.g. rdhCTKZED) (Kruse, Smidt and Lechner 2016). The
catalytic subunits (RdhAs) are characterized by two iron-sulfur
clusters (FeS1: CXXCXXCXXXCP; FeS2: CXXCXXXCP) and an N-
terminus twin-arginine translocation motif (TAT: RRXFXK) (Hol-
liger, Wohlfarth and Diekert 1998). This signal peptide is nec-
essary for secretion of the mature RdhA protein through the
cell membrane to the outer side of the cytoplasmic membrane
(Smidt and de Vos 2004).
A second type of rdhA genes were discovered that lacked
TAT motif, were located in the cytoplasm, and lacked respira-
tory function. This group was termed as ‘catabolic’ reductive
dehalogenase that are used to convert organohalogens to non-
halogenated compounds to be used as carbon sources (Chen
et al. 2013; Payne et al. 2015). These types of rdhA genes were
mostly found inmarine than terrestrial environments (Reviewed
in Atashgahi, Ha¨ggblom and Smidt 2018a).
Putative rdh genes with N-terminus transmembrane
helixes
A recent single-cell genomic study frommarine sediments in the
Aarhus Bay discovered a third type of potential RDases in uncul-
tured Desulfatiglans-related deltaproteobacterium (Jochum et al.
2018). A single-cell genome (SAG2) contained a putative rdh gene
that is not accompanied by an rdhB, does not encode a TAT sig-
nal peptide, and as a unique feature, encodes three transmem-
brane helices (TMHs) in the N-terminus. Whereas the known
respiratory RDases do not have membrane-integral domains,
most RdhBs have three TMHs (Fig. 1). For instance, similar to
the RdhB of Desulfitobacterium hafniense Y51 (Fig. 1A), the puta-
tive RDase from the uncultured Desulfatiglans-related deltapro-
teobacterium (Fig. 1B) has an exoplasmic N-terminus, followed
by three TMHs. The remaining C-terminus contains the two
binding motifs for FeS clusters, features of the known RDases.
However, as the possible catalytic site, the C-terminus is facing
the inner side of the cytoplasmic membrane (Fig. 1B) which is
a likely localization in absence of the TAT signal peptide. The
short cytoplasmic loop between helix 1 and 2 contains the two
conserved glutamic acid residues (EXE motif) (Fig. 1B), proposed
to play a role in the RdhA–RdhB interaction (Schubert et al. 2018).
Similar cytoplasmic localization of the C-terminus of the puta-
tive RDasemay enable such an interaction with this loop. There-
fore, rather than having a separate membrane anchor protein,
this putative RDase is predicted to act like a hybrid of RdhB and
RdhA, and likely directly connected to the membrane with the
TMHs.
The study of Jochum et al. further revealed that the hybrid
putative rdh is similar to the putative rdh of two deltaproteobac-
terial pure cultures, i.e. deltaproteobacterium strainNaphS2 and
Dethiosulfatarculus sandiegensis (Jochum et al. 2018). Indeed the
putative rdh genes of these bacteria are not accompanied by an
rdhB gene, lack TAT motif and contain three N-terminus TMHs.
Similar to the putative RDase of the uncultured Desulfatiglans-
related proteobacterium obtained from the Aarhus Bay (Fig. 1B),
the putative RDase of the strain NaphS2 (Fig. 1C) has cytoplas-
mic C-terminus. In contrast, the putative RDase of D. sandiegen-
sis has exoplasmic C-terminus (Fig. 1D), similar to the known
RDases. The EXEmotif in the loop between helix 1 and 2 is facing
exoplasm, enabling potential interactions with the exoplasmic
C-terminus (Fig. 1D). The three putative RDase share 46%–58%
amino acid identity to each other, but share lower identity to
the known RDases, e.g. 26%–29% identity to the TceA of Dehalo-
coccoides mccartyi strain195 (DET0079). Although the existence of
rdh genes lacking the TAT motif and rdhB were reported in the
genomes of strain NaphS2 and D. sandiegensis (Sanford, Chowd-
hary and Lo¨ffler 2016; Liu and Ha¨ggblom 2018), the existence
of TMHs in their putative RDase proteins were not reported.
However, functionality of the hybrid putative RDases remains
unknown.
The hybrid putative rdh genes are widespread
The sequence of the putative RDase of the uncultured pro-
teobacterium obtained from the Aarhus Bay (Jochum et al. 2018)
was used as a query in blastp searches against the NCBI non-
redundant protein database in December 2018. The results
showed that beyond the three identified proteobacterial hybrid
putative rdh (Jochum et al. 2018), many other similar genes
exist in the genomes of pure cultures as well as metagenome-
assembled genomes (MAGs) that have gone unrecognized so
far (Table 1). The majority of the sequences have three TMHs
(detected using TMHMM Server v. 2.0 (Sonnhammer, Von Hei-
jne and Krogh 1998)), the EXE motifs in their N-terminus, and
either cytoplasmic or exoplasmic C-terminus containing the two
FeS motifs (Table 1, Fig. 2). The C1–C5 regions from known the
RDases are also conserved among the hybrid putative RDases
(Fig. S1, Supporting Information), however, they are clustered
phylogenetically separately from the existing RDase groups (Hug
et al. 2013; Hug 2016) (Fig. S2, Supporting Information). Notably,
the majority of the putative RDases are annotated as hypothet-
ical proteins during automated annotation of the genomes.
Of the 11 pure cultures containing hybrid putative rdh in
their genomes, eight belong to the Marinilabiliales order within
Bacteroidetes, that have been isolated from water or sediment
samples in marine environment (Table 1). Among these, three
strains belong to the genus Marinifilum, Gram-negative facul-
tative anaerobes that can tolerate moderate salt concentra-
tions (Na et al. 2009; Ruvira et al. 2013; Fu et al. 2018). Interest-
ingly, hybrid putative rdh genes were also found in the MAGs of
uncultured Marinilabiliales obtained from perchlorate-reducing
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Figure 1. Predicted topology of the PceB protein of D. hafniense Y51 (A), and N-terminus TMHs of the hybrid putative RDases from uncultured deltaproteobacterium
(SAG2) obtained from the Aarhus Bay (B), deltaproteobacterium strain NaphS2 (C), and D. sandiegensis (D). The position of the EXE motif is indicated by a star. Note that
in panel B, C and D, only partial sequences of the hybrid putative RDases containing N-terminus TMHs were shown. TMHs were detected using TMHMM Server v. 2.0
(Sonnhammer, Von Heijne and Krogh 1998). Permission to reprint panel A was obtained from (Schubert et al. 2018).
enrichment cultures originating from marine sediments (Bar-
num et al. 2018). These genomes mostly lacked respiratory per-
chlorate, chlorate, oxygen and sulfur reductases and were pro-
posed to be specialized for the fermentation of dead cells (Bar-
num et al. 2018). These finding indicate an important role of the
hybrid putative rdh genes in Marinilabiliales members. Another
pure culture harbouring the hybrid putative rdh in its genome
is Caldithrix abyssi, a thermophilic anaerobic bacterium isolated
from a Mid-Atlantic Ridge hydrothermal vent (Miroshnichenko
et al. 2003). Calditrichaeota are abundant seabed microbes with
genomic potential to degrade detrital proteins through the use
of extracellular peptidases (Marshall et al. 2017).
Except the MAGs obtained from the marine
perchlorate-reducing enrichment cultures (Barnum et al.
2018), all other MAGs-containing hybrid putative rdh were
obtained from harsh environments such as hydrothermal vents
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Figure 2. Sequence alignment of the hybrid putative RDases. Only conserved sequence motifs among experimentally characterized RDases (TAT, FeS1, FeS2), and
the conserved glutamic acid residues (EXE) are included. The accession numbers are ordered according to Table 1, except the first accession number that belongs to
TceA of Dehalococcoides mccartyi strain 195. ClustalW (Thompson, Higgins and Gibson 1994) multiple sequence alignment was conducted using BioEdit version 7.2.5
(http:/bioedit.software.informer.com/).
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(Dombrowski et al. 2017; Dombrowski, Teske and Baker 2018),
hot springs (Wilkins et al. 2018), wetlands with extremely high
concentrations of dissolved organic carbon and diverse sulfur
species (Martins et al. 2018), deep terrestrial environments
(Hernsdorf et al. 2017; Momper et al. 2017), etc (Table 1). Most of
the sequences from the MAGs were obtained from hydrother-
mal vent sediments in Guaymas Basin (Gulf of California) with
fluctuating temperature and chemical gradients (Dombrowski
et al. 2017; Dombrowski, Teske and Baker 2018). The MAGs are
mostly from uncultured Bacteriodetes and Deltaproteobacte-
ria, but also from the candidate divisions (Table 1). Members
of all these phyla have known/proposed diverse metabolic
potential, and may not be restricted to reductive dehalogena-
tion. However, physiological proofs for OHR have only been
obtained for deltaproteobacterial members with classic rdh
gene operon i.e. rdhA, rdhB and one or more transcriptional
regulatory genes (Sanford, Chowdhary and Lo¨ffler 2016; Liu and
Ha¨ggblom 2018).
Outstanding questions
Genomics and allied technologies have greatly increased the
diversity of putative rdh genes in recent years, and extended
their distribution from contaminated environments to deep
subsurface (Table 1), Antarctic soils (Zlamal et al. 2017),
and even human and animal intestinal tract (Atashgahi et
al. 2018b). With the expanding availability of the bacterial
genomes and increasing application of deep sequencing in
diverse environments, much more diverse and likely novel rdh
genes are expected in future. This brings forward major open
questions:
– Do the newly discovered genes encode RDases? If they indeed
encode RDases, what are their functions? Three roles have
been shown for the known RDases: energy conservation by
OHR, and facilitated fermentation of organic substrates (e.g.
pyruvate, lactate or yeast extract) by reoxidation of respira-
tory cofactors for membrane-bound RDases, and catabolic
reductive dehalogenation for cytoplasmic RDases (Fincker
and Spormann 2017). Can the hybrid putative RDases with
cytoplasmic C-terminus be involved in catabolic reductive
dehalogenation, facilitated fermentation or both? In turn,
how are the hybrid putative RDases with exoplasmic C-
terminus secreted through the cell membrane in absence of
TAT signal peptide?
– If indeed involved in reductive dehalogenation, what are
the physiological organohalogen substrates of the hybrid
putative RDases? The lack of correlation between the rdh
sequences and their organohalogen substrates has precluded
the ability to predict substrates for novel genes, and to test
their functionality using the predicted organohalogens.
– Why the majority of the environmental hybrid putative rdh
sequences and rdh-containing pure cultures have been
obtained fromharsh environments? Can it be that their phys-
iological organohalogen substrates are found in these envi-
ronments?
– What are the ecological functions of the microbes containing
(the hybrid putative) RDases? Detoxification of organohalo-
gens and thereby securing a hospitable environments for
themselves and the nearby organisms? Providing carbon
sources for themselves (catabolic RDase) or others (respira-
tory RDase)?
– Can (the hybrid putative) RDases be involved in the production of
halogenated bioactive compounds as was shown for biosyn-
thesis of marine bacterial pyrroles mediated by a reductive
debrominase that utilizes a redox thiol mechanism (El Gamal
et al. 2016)? Likewise, can the RDases participate in in the pro-
duction of halogenated bioactive compounds in Eukaryotes
such as sponges that are known to harbour Deltaproteobac-
teria with rdh genes (Wilson et al. 2014; Liu et al. 2017)?
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